Telomeres are heterochromatic structures at chromosome ends essential for chromosomal stability. Telomere shortening and the accumulation of dysfunctional telomeres are associated with organismal aging. Using telomerase-deficient TRF2-overexpressing mice (K5TRF2/Terc ؊/؊ ) as a model for accelerated aging, we show that telomere shortening is paralleled by a gradual deregulation of the mammalian transcriptome leading to cumulative changes in a defined set of genes, including up-regulation of the mTOR and Akt survival pathways and down-regulation of cell cycle and DNA repair pathways. Increased DNA damage from dysfunctional telomeres leads to reduced deposition of H3K27me3 onto the inactive X chromosome (Xi), impaired association of the Xi with telomeric transcript accumulations (Tacs), and reactivation of an X chromosome-linked K5TRF2 transgene that is subjected to X-chromosome inactivation in female mice with sufficiently long telomeres. Exogenously induced DNA damage also disrupts Xi-Tacs, suggesting DNA damage at the origin of these alterations. Collectively, these findings suggest that critically short telomeres activate a persistent DNA damage response that alters gene expression programs in a nonstochastic manner toward cell cycle arrest and activation of survival pathways, as well as impacts the maintenance of epigenetic memory and nuclear organization, thereby contributing to organismal aging.
D
ysfunctional, critically short telomeres elicit a DNA damage response (DDR) that triggers senescence or apoptosis in mammalian cells, two processes that are associated with organismal aging (1) (2) (3) (4) (5) (6) (7) (8) (9) . Mice with a targeted deletion of the RNA component of telomerase (Terc Ϫ/Ϫ ) display accelerated telomere shortening, premature loss of tissue renewal, and decreased longevity (3, (7) (8) (9) . DNA damage signals originating from critically short telomeres in these mice is in line with current models proposing a causative role for DNA damage in organismal aging (10-13). Interestingly, epigenetic alterations at heterochromatic regions are proposed to lead to changes in gene expression associated with aging (14) (15) (16) . In S. cerevisiae, induction of DNA double-strand breaks (DSBs) or cellular stress causes a dramatic redistribution of telomeric silent information regulator (Sir) proteins and yKU proteins (17) (18) (19) , thus linking changes in telomere chromatin to global epigenetic alterations. Sir complex relocalization is known to alter the expression of stress response genes, survival factors, and ribosomal biogenesis (20, 21) . In functional analogy to yeast, mammalian SIRT1 is redistributed upon induction of DNA damage, causing broad alterations in global gene expression (22) . Collectively, these findings suggest that agingrelated DNA damage drives gene expression alterations that could promote the development of aging pathologies.
An important question to determine is how the various types of DNA damage impact gene expression changes associated with organismal aging. In this study, we focused on the isolated effect of dysfunctional telomeres on global genome regulation. Using a mouse model system, we provide evidence that progressive telomere shortening in stratified epithelia, such as the skin, is linked to global deregulation of the mammalian transcriptome and loss of maintenance of epigenetic silencing mechanisms, exemplified by the re-expression of an Xi-linked transgene. Indicative of the induction of a stress response, we find a down-regulation of genes promoting cell cycle progression and up-regulation of the mTOR and Akt survival pathways. In addition, cells with critically short telomeres show down-regulation of various DNA repair pathways. These findings suggest that progressive telomere shortening and the accumulation of dysfunctional telomeres with age may constitute a unique source of DNA damage, sufficient to induce global alterations in genome regulation.
Results
We previously generated mice overexpressing the telomere-binding protein TRF2 under the control of the 5Ј regulatory region of the keratin 5 gene (PM K5TRF2 trangenic line) (23) . TRF2 is a key player in the regulation of telomere length and telomere protection (23) (24) (25) . In accordance with this, K5TRF2 mice showed severe telomere shortening, increased sensitivity to UV radiation, premature skin aging (hair loss, skin hyperpigmentation, skin dryness), and increased skin cancer (23, 26) . In this transgenic line, skin phenotypes and embryonic lethality were restricted to male mice, whereas female littermates remained phenotypically normal (23) . We show here that PM K5TRF2 females display TRF2 protein levels only slightly above wild-type levels, compared with robust TRF2 overexpression in littermate transgenic males ( Fig. 1A and B) . These findings suggest that the K5TRF2 transgene is located at the X chromosome and specifically silenced in females. To address this, we performed DNA FISH on male PM K5TRF2 keratinocytes and mapped the integration site for the PM K5TRF2 transgene to the X chromosome (supporting information (SI) Fig. S1A ). These findings suggest that the K5TRF2 transgene is silenced by a nonrandom X inactivation event in female K5TRF2 mice, thereby preventing TRF2 overexpression and the onset of severe skin pathologies.
Next, we crossed PM K5TRF2 mice into a telomerase-deficient (Terc Ϫ/Ϫ ) background to address the impact of telomere shortening on global epigenetic alterations, including chromosome X inactivation. To this end, we generated increasing generations (G1-G3) of female PM K5TRF2 transgenic mice in a telomerase-deficient background (K5TRF2/G1-G3 Terc Ϫ/Ϫ ; see Methods). Progressive telomere shortening in K5TRF2/G1-G3 Terc Ϫ/Ϫ females resulted in gradual appearance of K5TRF2-associated skin phenotypes. K5TRF2/G2-G3 Terc Ϫ/Ϫ females display hair loss, skin hyperpigmentation, and increased skin lesions, reaching a severity in K5TRF2/G3 Terc Ϫ/Ϫ females that is similar to that in K5TRF2 males ( Fig. 1 C and D and Fig. S1B ). Histopathological analyses further showed that K5TRF2/G2-G3 Terc Ϫ/Ϫ females also develop preneoplastic (dysplasia, hyperplasia) and neoplastic (squamous cell carcinoma, SCC) lesions in other stratified epithelia with reported K5 promoter activity, such as nonglandular stomach and esophagus ( Fig. 1 E and F) . Again, the penetrance of these epithelial lesions in PM K5TRF2/G3 Terc Ϫ/Ϫ females was comparable with that of male PM K5TRF2 mice ( Fig. 1 E and F) . Littermate G3 Terc Ϫ/Ϫ females did not develop any of these pathologies ( Fig. 1 C-F) .
Interestingly, telomere shortening in K5TRF2/G1-G3 Terc
females coincided with a gradual increase in TRF2 protein levels, reaching the highest levels in K5TRF2/G3 Terc Ϫ/Ϫ females and in PM K5TRF2 males ( Fig. 2A) . These findings suggest that progressive telomere shortening in K5TRF2/G1-G3 Terc Ϫ/Ϫ females drives a gradual loss of silencing of the Xi-linked K5TRF2 transgene and increased expression of TRF2, which in turn triggers epithelial pathologies in PM K5TRF2/Terc Ϫ/Ϫ females that recapitulate those of PM K5TRF2 transgenic males.
TRF2 overexpression leads to dramatic telomere shortening in PM K5TRF2 males (23) . To investigate whether reexpression of the silenced PM K5TRF2 transgene induces further telomere shortening in K5TRF2/G1-G3 Terc Ϫ/Ϫ females compared with their G1-G3 Terc Ϫ/Ϫ controls, we performed quantitative telomere Q-FISH on skin sections (see Methods). Telomerase deficiency in G1-G3 Terc Ϫ/Ϫ mice results in slow but continuous telomere shortening with increasing mouse generations (Fig. 2B) . Consistent with our previous findings (23) , the skin of PM K5TRF2 males displays a dramatic telomere shortening (Fig. 2B) . Slightly elevated TRF2 levels in PM K5TRF2 females cause only mild telomere shortening ( Fig. 2 A and B) . Importantly, loss of silencing of the K5TRF2 transgene in K5TRF2/G1 Terc Ϫ/Ϫ females induces accelerated telomere shortening compared with their G1 Terc Ϫ/Ϫ controls (Fig.  2B) , and this effect is exacerbated in K5TRF2/G2-G3 Terc Ϫ/Ϫ females (Fig. 2B) . We confirmed these results by Southern blotbased telomere restriction fragment (TRF) analysis (Fig. S1C) .
Critically short telomeres elicit a DDR provoking entry into cell cycle arrest/senescence or apoptosis (1) (2) (3) (4) (5) (6) (7) (8) (9) . To test whether reactivation of the K5TRF2 transgene in K5TRF2/Terc Ϫ/Ϫ females resulted in increased DNA damage signaling at dysfunctional telomeres, we quantified the abundance of ␥H2AX foci in the skin of experimental mice. Consistent with their shorter telomeres (Fig.  2B ), we observed a significant increase of ␥H2AX-positive nuclei in K5TRF2/G2 Terc Ϫ/Ϫ females compared with their G2 Terc Ϫ/Ϫ female littermates ( Fig. 2 C and D) . This effect was further increased in females lacking telomerase activity for 3 generations, K5TRF2/G3 Terc Ϫ/Ϫ mice, reaching similar DNA damage levels to those of K5TRF2 males (Fig. 2 C and D) . Mammalian X chromosome inactivation (XCI) ensures dosagecompensated expression of X-linked genes in male and female cells. XCI is initiated during female embryonic development by the up-regulation and spreading of the noncoding Xist RNA along the future inactive X chromosome (Xi), triggering long-range transcriptional silencing and the deposition of repressive chromatin marks such as histone H3 lysine 27 trimethylation (H3K27me3) in cis (27, 28) . Although decoration of the Xi with Xist is not significantly affected upon telomere shortening ( Fig. S2 A and B) , we observed a significant decrease of Xi-associated H3K27me3 in skin sections of K5TRF2/G2 Terc Ϫ/Ϫ E12 embryos as well as in adult skin from G3 Terc Ϫ/Ϫ and K5TRF2/G3 Terc Ϫ/Ϫ mice, as detected by confocal immunofluorescence (Fig. 3 A-E) . Exclusion of RNA polymerase II from the H3K27me3 mark at the Xi in K5TRF2/G2 Terc Ϫ/Ϫ embryos indicates that the establishment of Xist-mediated silencing is normal in the epidermis of E12 mice cells (Fig. 3 A and C) . These findings suggest that increased DNA damage originated from short telomeres leads to a defective maintenance of X inactivation, marked by a reduced frequency of H3K27me3 at the Xi and the reexpression of the Xi-linked K5TRF2 transgene.
Vertebrate telomeres are transcribed by RNA polymerase II, giving rise to UUAGGG repeat-containing, noncoding RNAs (TelRNA/ TERRA) that localize to mammalian telomeres but also form accumulations (Tacs, TelRNA accumulations) in the vicinity of the inactive X chromosome (Xi) in female cells (29, 30) . To test a possible link with XCI, we determined telomere length, TelRNA/TERRA expression, TRF2 protein levels, and Tac-Xi localization pattern in primary keratinocytes derived from female wild-type, K5TRF2, and K5TRF2/G2-G3 Terc Ϫ/Ϫ newborn mice. G2 Terc Ϫ/Ϫ cells displayed telomere shortening that was further augmented in K5TRF2/G2 Terc Ϫ/Ϫ keratinocytes (Fig.  4 A and B) (26) . Selection for cells that rescue telomere length by recombination-based mechanisms explains the heterogeneity of telomere lengths in K5TRF2/G3 Terc Ϫ/Ϫ keratinocytes (see cultures F and 4 in Fig. 4 A and B) (26) . Telomere attrition in K5TRF2/G2 Terc Ϫ/Ϫ (cultures A and B) and K5TRF2/G3 Terc Ϫ/Ϫ (culture D) cells is accompanied by loss of silencing of the X-linked K5TRF2 transgene, resulting in increased TRF2 protein levels (see cultures A, B, and D in Fig. 4 A-D), further confirming our in vivo data ( Fig. 2A) . Previous reports suggested a positive correlation between telomere length and TelRNA/ TERRA levels (29, 30) . In agreement with this, we observed reduced TelRNA/TERRA levels in keratinocyte cultures with short telomeres (Fig. 4 E and F) . Furthermore, Xist-TelRNA/TERRA double-RNA FISH on female keratinocytes revealed an impaired association of Tacs with the inactive X in female K5TRF2/G2 Terc Ϫ/Ϫ (culture B) and PM
K5TRF2/G3 Terc
Ϫ/Ϫ (culture D) cells, which was confirmed in vivo in the epidermis of K5TRF2/G2 Terc Ϫ/Ϫ E12 embryos (Fig. 4 G-J) . Tac-Xi association was normal in cells and embryos with sufficiently long telomeres (Fig. 4 G-J) . Of notice, the frequency of Tacs was decreased in skin sections from E12 K5TRF2/G2 Terc Ϫ/Ϫ embryos (Fig. 4K) , suggesting that TelRNA/TERRA expression levels influence Tac formation. To test whether a DNA damage signal elicited from dysfunctional telomeres could directly contribute to Tac-Xi dissociation, we exposed primary MEF (pMEF) to ionizing radiation. Thirty minutes after irradiation, cells exhibited an efficient DDR activation, as indicated by the appearance of abundant ␥H2AX foci, which decreased in the following hours postirradiation (Fig. S3A) . Treatment with ionizing radiation caused only minimal alterations in TelRNA/TERRA expression levels and Tac frequency in the experimental time window used here, as determined both by Northern blotting and RNA FISH (Fig. S2 C-G) . Importantly, we observed a severe reduction in Tac-Xi associations 3 h postirradiation, suggesting that these associations are disrupted as a consequence of DNA damage (Fig. S3B) . These findings suggest that DNA damage signaling originating from dysfunctional telomeres alters the maintenance of epigenetic gene silencing on the Xi but also affects nuclear organization of chromatin territories, as exemplified by Tac-Xi dissociation in cells with critically short telomeres. These findings also raise the possibility that defective Xi maintenance may be part of the global chromatin defects triggered by telomere shortening.
A recent report indicated that the accumulation of DNA damage during mammalian aging results in altered gene expression patterns due to the redistribution of the histone deacetylase SIRT on chromatin (22) . To investigate whether progressive telomere shortening selectively affects transcriptional memory on the Xi or is associated with a global deregulation of gene expression, we performed comparative transcriptome analyses using primary skin keratinocytes from wild-type, K5TRF2, G2 Terc Ϫ/Ϫ , K5TRF2/G2 Terc Ϫ/Ϫ , and K5TRF2/G3 Terc Ϫ/Ϫ PM females. To control for sex-specific gene expression differences, we included wild-type and K5TRF2 PM males in the analysis (23) . Differences in transcript levels of individual genes obtained in pairwise transcriptome comparisons were blotted along cytogenetic maps of all mouse chromosomes and revealed that progressive telomere shortening is associated with increasing transcriptome alterations, affecting all mouse chromosomes to a similar extent (Fig. S5 A-J and Table S1 ). Genome-wide alterations reached high statistical significance in female K5TRF2/G3 Terc Ϫ/Ϫ keratinocytes (P Ͻ 0.001) when compared with other genotypes with longer telomeres (Fig. S4A) . We conclude that telomere attrition leads to a global impairment in the accomplishment (Fig.  S4B) . We note that highly significant gene expression changes (FDR Ͻ0.001) were detected only in K5TRF2/G3 Terc Ϫ/Ϫ keratinocytes (Fig.  S4B) . Progressive telomere shortening results in cumulative transcriptome changes affecting 15.1% of all genes (6.7% up-regulated; 8.4% down-regulated) in K5TRF2/G3 Terc Ϫ/Ϫ mice (Table S1 ). Importantly, transcriptome alterations were reproduced in male K5TRF2 keratinocytes, ruling out a sex-specific effect on transcriptome alterations associated with critically short telomeres (Fig. S4B, Fig. S5 A-J (Fig. 5A ). An independent set of gene expression-profiling analyses revealed that 24% of genes up-regulated and 20% of genes down-regulated in male K5TRF2 keratinocytes (FDR Ͻ0.05) showed the same regulation in female K5TRF2/G3 Terc Ϫ/Ϫ samples. This indicates that telomere attrition affects the expression of an overlapping set of genes in male and female cells (Fig. 5A) Tables S2-S4) .
Importantly, despite showing slightly elevated TRF2 expression, no significant alterations in gene expression were detected in female K5TRF2 keratinocytes (Fig. S4 and Table S1 ). In addition, high TRF2 levels in female K5TRF2/G1-G2 Terc Ϫ/Ϫ keratinocytes did not significantly alter the global transcriptome ( Fig. S4 and Table  S1 ). These findings indicate that short telomeres and not increased TRF2 expression are responsible for the transcriptome alterations described here. We conclude that progressive telomere shortening is linked with a continuous loss of stringency of global transcriptional control that affects the expression of a defined set of genes in a nonstochastic manner. Next, we investigated whether transcriptome alterations were biased toward particular pathways, which could provide an explanation for the premature aging phenotypes in K5TRF2/G2-G3 Terc Ϫ/Ϫ females and K5TRF2 males. Pathways analysis revealed an overrepresentation (FDR Ͻ0.25) of genes involved in the mTOR, Akt, eIF4 and ErbB pathways in K5TRF2/G3 Terc Ϫ/Ϫ females and to a lesser extent in male K5TRF2 keratinocytes, presumably reflecting the activation of a cell survival program to escape cell cycle arrest/cellular senescence induced by critically short telomeres (Table S5 A-D). In this regard, we found an underrepresentation of genes involved in cell cycle regulation (FDR Ͻ0.25) in female K5TRF2/G3 Terc Ϫ/Ϫ and male K5TRF2 keratinocytes (Table S5 A-D). Interestingly, despite the presence of an increased DNA damage load, genes involved in DNA damage repair pathways, such as base excision, nucleotide excision, and mismatch repair, were underrepresented in female K5TRF2/G3 Terc Ϫ/Ϫ and male K5TRF2 keratinocytes (Table S5 A-D). Mutations in components of nucleotide excision repair are responsible for the development of premature aging syndromes such as xeroderma pigmentosa, Cockayne syndrome, or trichothiodystrophy (31). These findings suggest that the decreased ability of male K5TRF2 and female K5TRF2/G2-G3 Terc Ϫ/Ϫ keratinocytes to up-regulate DNA damage-response pathways in a context of severe telomere dysfunction may contribute to the known hypersensitivity to UV irradiation and premature appearance of skin-aging phenotypes in these mice (23) .
Interestingly, we found that Ϸ10% of the gene expression changes detected in mouse models for aging, such as nucleotide excision repair-deficient mice (Ercc1 Ϫ/Ϫ mice vs. wild-type mice) and very old mice (130 vs. 8 weeks old) (13), overlapped with alterations in K5TRF2/G3 Terc Ϫ/Ϫ females ( Fig. S6 and Tables S6-S8 ). However, this overlap was less evident when comparing K5TRF2/G3 Terc Ϫ/Ϫ female keratinocytes with ES cells treated with oxidating agents (22) or with the aging mouse neocortex (22) (Fig. S6 and Tables S6-S8).
Discussion
Identifying sources of DNA damage associated with aging and analyzing their effect on cellular metabolism is essential to understanding the aging process. Accumulation of dysfunctional, critically short telomeres is associated with the development of aging pathologies (6-9). Telomere shortening is paralleled by activation of a DDR (4, 5) . Recent studies show that oxidative stress as well as mutations in DNA repair pathways provoke epigenetic alterations and transcriptional changes paralleling those observed in aged animals (13, 22, 32) . Here we show that accumulation of dysfunctional telomeres, associated with broad alterations of the mouse transcriptome and impaired maintenance of epigenetic silencing during X inactivation.
Gene expression changes accumulate with progressive telomere shortening and are detected along all chromosomes and are unbiased toward gene location, excluding a telomere position effect as a causative event for the observed transcriptome alterations (33, 34) . Comparative transcriptome analyses further revealed that progressive telomere shortening gradually affects a defined set of genes driving the up-regulation of the mTOR, ErbB, and Akt survival pathways and down-regulation of cell cycle-promoting genes and DNA damage pathways. The observed induction of a cellular stress response promoting growth repression and cell survival is in line with previous findings in yeast (17) (18) (19) (20) . In particular, Sir relocation causes gene expression changes involving the up-regulation of survival genes and stress response factors and the down-regulation of ribosomal biogenesis, thus limiting proliferation and promoting cell survival (20, 21) . Interestingly, yeast mTOR antagonizes Sir complex relocation upon the induction of cellular stress (20) . Together with our current data, these findings support the view of mTOR as a major integrator of stress signals, including severe telomere dysfunction. Finally, the activation of survival mechanisms via the mTOR and Akt pathways is in line with previous findings from our group showing that mouse spermatocytes with critically short telomeres upregulate the PI3-kinase survival pathway (35) . Interestingly, we also detected an underrepresentation of genes involved in DNA damage repair pathways in cells with critically short telomeres. Conceivably, this could lead to an impaired response to DNA damage, which is in line the reported hypersensitivity of these mice to UV irradiation, and could contribute to genomic instability and premature tissue deterioration (23, 26) .
Alterations in epigenetic regulators have been previously reported to cause gene expression patterns related to aging (14) (15) (16) 22 short telomeres causes the re-expression of an X-linked K5TRF2 transgene that is subjected to X chromosome inactivation in cells with sufficient telomere length. Importantly, loss of silencing is accompanied by a reduced deposition of H3K27me3 at the Xi and by a dissociation of TelRNA accumulations (Tacs) from the Xi. Interestingly, Tac-Xi dissociation is also induced by exogenously induced DNA damage. Together, this indicates an impact of telomere-originated DNA damage on the organization of chromatin territories, such as that of the Xi. The failure of transgene silencing in cells with short telomeres provides further evidence for the hypothesis of an age-related decrease in the stability of the X-inactivation mechanism (36, 37) . Genome deregulation caused by telomere attrition and telomere dysfunction is in line with a current model proposing that the accumulation of DNA damage causes the deregulation of epigenetic control and altered gene expression during organismal aging (13, 22) . Considering that progressive telomere shortening is observed in elderly mice and humans (38, 39) , our study indicates that DNA damage checkpoint activation by dysfunctional telomeres is sufficient to induce epigenetic alterations and gene expression changes that antagonize proliferation and promote the activation of survival pathways. These findings support the notion that dysfunctional telomeres represent a unique and cumulative source of DNA damage, which can promote organismal aging by impairing tissue regeneration.
Materials and Methods
Mice. PM K5TRF2 and K5TRF2/G1-G3 Terc Ϫ/Ϫ mice were generated and maintained as previously described (23, 26) .
Histopathology and Immunohistochemistry.
Immunohistochemistry was performed on deparaffinated adult skin sections or frozen OCT sections (E12) using a mouse monoclonal anti-phospho-histone H2AX antibody (1:500; Upstate Biotechnology), a polyclonal rabbit anti-H3K27me3 antibody (07-449; Upstate Biotechnology), and a monoclonal anti-RNA polymerase II antibody (ab5408; Abcam). Xi-linked H3K27me3 and exclusion of RNA polymerase II from the inactive X (marked by focal H3K27me3) was analyzed by visual appearance using confocal microscopy. Images were obtained using a confocal ultra-spectral microscope (TCS-SP2-A-OBS-UV; Leica) or captured at 100ϫ magnification using a Leica CTR MIC microscope and a Cohu High-Performance CCD camera (Cohu, Inc.).
Telomere Length Analyses on Skin Sections and Skin Keratinocyte. Q-FISH on keratinocytes and tissue sections was carried out as described (23) . Nuclei or metaphases were captured at 100ϫ magnification using a Leica CTR MIC microscope and a Cohu High-Performance CCD camera. Telomere fluorescence was determined as described (40) .
TRF-Based
Telomere Length Analysis of Adult Keratinocytes. Adult epidermal keratinocytes were isolated as described (23) and included in agarose plugs following instructions provided by the manufacturer (Bio-Rad). TRF analysis was performed as described (3) .
Isolation and Culture of Keratinocytes from Newborn Mouse Skin. Newborn skin keratinocytes were isolated as described (23) .
␥ Irradiation of Primary Mouse Embryonic Fibroblast (pMEFs). pMEFs were exposed to 3 Gy of ␥ irradiation, and 30 min and 3 h postirradiation induction of DNA damage was monitored using an anti-phospho-histone H2AX antibody (1:500; Upstate Biotechnology). In parallel, Xist and TelRNA/TERRA RNA FISH stainings were performed.
Western Blotting. Western blots of primary keratinocytes were carried out as described (23) . Twenty-five micrograms to 70 g were used per condition. A polyclonal antibody to TRF2 (1:1,000; SF08, provided by E. Gilson, Lyon, France) and a monoclonal antibody to ␤-actin (1:10,000; Sigma) were used.
RNA Analysis.
Northern blot analysis for TelRNA/TERRA was performed as described (30) .
RNA Fluorescence in Situ Hybridizations (RNA FISH)
. RNA FISH analysis was carried out as previously described (30) . RNA FISH analysis of embryos was performed on frozen OCT sections (5 m) (30).
Microarray Analyses. Total RNA was prepared from adult female tail-skin keratinocytes (23, 35) using the RNAeasy kit (Invitrogen): PM wild-type (n ϭ 4), PM K5TRF2 (n ϭ 4), G2 Terc Ϫ/Ϫ (n ϭ 2), PM K5TRF2/G2 Terc Ϫ/Ϫ (n ϭ 3), and PM K5TRF2/G3 Terc Ϫ/Ϫ (n ϭ 3). RNA quality was tested using the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA was labeled in a one-color format and hybridized to 44K Whole Mouse Genome Oligo microarrays (G4122F; Agilent Technologies). Details on gene expression profiling and analysis are in SI Text.
